We studied the structure and energetics of supercooled water by means of X-ray Raman and Compton scattering. Under supercooled conditions down to 255 K, the oxygen K-edge measured by X-ray Raman scattering suggests an increase of tetrahedral order similar to the conventional temperature effect observed in non-supercooled water. Compton profile differences indicate contributions beyond the theoretically predicted temperature effect and provide a deeper insight into local structural changes. These contributions suggest a decrease of the electron mean kinetic energy by 3.3 AE 0.7 kJ (mol K)
Introduction
The structure and properties of water are among the most fascinating topics in natural science. They have been discussed controversely for over one century. In particular, in the metastable supercooled state, water anomalies, become more pronounced. [1] [2] [3] [4] This includes various thermodynamic properties such as the heat capacity, [5] [6] [7] [8] isothermal compressibility 9 and thermal expansion (see ref. 10 for an overview). In order to understand and connect these anomalies to the structural properties of liquid water, various scattering and spectroscopy techniques are frequently used covering ambient as well as supercooled conditions. [2] [3] [4] Recently, an ultrafast X-ray scattering experiment under deep supercooling conditions indicated decreasing distortions of the hydrogen bonds, and the tetrahedral order became observable moving towards low-density liquid upon supercooling. 11, 12 Further experiments support coexisting water phases 3, 4, 13 and an increase of interstitial water molecules in the hydrogen bond network. 14 Beside such work studying the intermolecular hydrogen bond network, Raman spectroscopy is frequently used to obtain information on intramolecular bonding, guiding the way to the current understanding of intramolecular bonds in water ranging from water's boiling point down to supercooled conditions. [15] [16] [17] [18] [19] Furthermore, deep-inelastic neutron scattering studies suggest a preferred delocalization of the proton, resulting in an excess of the proton's mean kinetic energy. 20, 21 These observations have been reconsidered recently, 22, 23 indicating a smooth change in kinetic energy. Nevertheless, the experimental results suggested influences of quantum nuclear effects on the water structure that have been addressed by recent simulation studies. 24, 25 However, a detailed view of the structure of liquid water and its connection to the water's anomalies is still pending. Here we study the structure of slightly supercooled water by means of X-ray Raman scattering (XRS) and X-ray Compton scattering. Upon supercooling down to 255 K, the XRS spectra taken in the vicinity of the oxygen K-edge show a change in the spectral shape suggesting an increase of tetrahedral order. Compton profile differences provide a more detailed insight into changes of energetics and structure on an intramolecular scale. Additional contributions to the experimental spectra are found that cannot be modeled by an expected temperature effect on hydrogen bonds for non-supercooled conditions. This is accompanied by a strong increase of the mean kinetic energy of the electrons. These results demonstrate the need for water models and simulations with special attention on the supercooled state that consider both intramolecular structural changes and quantum effects.
Experimental

Methods
In recent years, non-resonant inelastic X-ray scattering 26 special attention on water and water-based systems. Here, the study of absorption edges in the soft X-ray regime by hard X-rays, denoted as X-ray Raman scattering, provided groundbreaking results on the local structure of liquids and amorphous solids and extended results of conventional soft X-ray absorption experiments. In particular, studies of the oxygen K-edge in liquid and supercritical water, [27] [28] [29] [30] [31] [32] in different ices 30, [33] [34] [35] and waterbased two-component systems [36] [37] [38] [39] challenged the question of water's microscopic structure. In X-ray Compton scattering experiments, inelastically scattered X-rays are probed at large energy and momentum transfers. In this regime, the impulse approximation 26 becomes valid and the measured quantity of a liquid is proportional to the Compton profile for isotropic systems
Thus, the Compton profile is related to the ground state electron momentum density r(p) and is very sensitive to single particle properties and small changes in the intra-and intermolecular bond geometry in molecular systems, 40 in particular in hydrogen-bonded systems such as liquid, confined and supercritical water, [41] [42] [43] [44] [45] structure and energetics of ice [46] [47] [48] [49] and two-component systems. 37, [50] [51] [52] [53] Here, p q denotes a scalar electron momentum variable. Since the electron momentum density is probed, Compton scattering allows accessing the expectation value of the electron kinetic energy hE kin i via
48,52
E kin h i¼ 3 m
Experimental setups
The XRS experiment was performed at the new beamline ID20 of the European Synchrotron Radiation Facility (ESRF). 54 In total, we used 72 Si(660) analyzer crystals, resulting in an overall energy resolution of 0.6 eV. The crystals are grouped into six independent modules, each containing 12 crystals. Three modules were set to a scattering angle of 411, two to 1211 and one to 851. In order to measure the oxygen K-edge at around 540 eV, the incident energy was varied between 10.21 keV and 10.245 keV to cover energy losses between 520 eV and 555 eV by setting the analyzer energy to E ana = 9.69 keV. Thus, the three scattering angles correspond to wave vector transfers of approximately 3.6 Å À1 , 6.9 Å À1 , and 8.8 Å À1 , respectively. In this article, we will concentrate on the results taken at 3.6 Å À1 . Ultrapure water (MilliQ, R 4 18 MO) was filled into glass capillaries (2 mm diameter) that were sealed afterwards. The capilliaries were put to a sample chamber that allowed to access a large scattering-angle range and a broad temperature range. This chamber was evacuated to reduce background scattering and to guarantee stable temperature conditions. XRS spectra were taken at various temperatures between 293 K and 255 K and analyzed following the scheme discussed in ref. 54 . To gain sufficient statistics, spectra were taken for at least 3 h at each temperature. To check for consistency, the procedure was repeated with freshly prepared samples. The Compton scattering experiment was performed at beamline ID15B of the European Synchrotron Radiation Facility (ESRF). 55 The energy of the incident X-ray beam was 87.37 keV. The scattered intensity was measured using a 13-element Ge solid-state detector at a scattering angle of 1521. The momentum resolution was Dp q E 1 atomic units (a.u.) at the Compton peak (p q = 0 a.u.). To achieve constant detector conditions, the incident flux was kept constant using an absorber feedback system. The obtained statistical accuracy was better than 0.035% units at p q = 0 a.u. within 0.03 a.u. momentum bin. Water was filled in glass capillaries of 2 mm thickness that were sealed afterwards by melting the glass. These capillaries were placed into a sample holder that was capable of covering temperatures down to 256 K. At each temperature, X-ray diffraction patterns were taken every 60 minutes to check whether or not the sample had frozen. The diffraction patterns show the same temperature behavior as discussed by Sellberg et al. 11 To check the data for consistency, Compton spectra were saved every 10 minutes and checked for deviations larger than the statistical accuracy. The raw spectral data were corrected for absorption and the dead times of the detector before converting to the momentum scale by using the relativistic cross-section correction. Contributions from multiple scattering were corrected afterwards by taking the sample geometry into account. Finally, the positive and negative momentum sides of the Compton profiles were averaged.
Results and discussion
X-ray Raman scattering
First, we discuss the results of the XRS study. The extracted oxygen K-edges at four temperatures between T = 293 K and the supercooled temperature of T = 255 K are shown in Fig. 1 . The edges are divided into three regimes: 36,56 the preedge (A) around E loss C 535 eV energy loss, the main edge (B) around E loss C 538 eV and the post-edge (C) for E loss C 541 eV. The effects of structural properties and changes thereof on these spectral regions have been addressed frequently in the literature, 27, [29] [30] [31] 34, [36] [37] [38] 56, 57 leading to a current common sense of interpreting the oxygen K-edge. Typically, the occurrence of the preedge peak is connected to weakening or breaking of hydrogen bonds, in particular it is sensitive to the distortion of hydrogen bonds. The main edge feature increases when the temperature increases and reflects distorted hydrogen bonds, and the post-edge was found to reflect the tetrahedral order and strengthening of the hydrogen bonds. For instance, by comparing liquid water and hexagonal ice spectra one observes a decreased preedge peak due to less broken bonds in ice accompanied by a decreased main edge and an increase in the post-edge region originated by the lower density and the higher degree of tetrahedrally ordered molecules in ice, respectively.
34,56
The spectra show a shift of spectral weight from the main edge to the post-edge region (region B to C) which is interpreted as the increase of tetrahedrality upon supercooling. In addition, the maximum in the preedge region (A) decreases slightly with decreasing temperature, suggesting less broken hydrogen bonds. Most importantly, this effect with decreasing temperature resembles data from non-supercooled water, 30 suggesting a similar effect on the hydrogen bond network for supercooled and non-supercooled water. Analogous results have been reported recently in a X-ray absorption spectroscopy study at temperatures down to 264 K. 32 
Compton scattering
In order to obtain a more detailed insight into the quantitative intra-and intermolecular structural changes, Compton spectra were taken from supercooled water. The Compton profile differences DJ p q À Á ¼ JðTÞ À Jð277 KÞ Jð277 KÞj pq ¼ 0 with respect to the measurement at T = 277 K are shown in Fig. 2 . The differences exhibit a pronounced minimum at p q = 0 a.u. and a maximum around p q = 1.4 a.u. The amplitude of these features increases with decreasing temperatures. First, the mean kinetic energies of the electrons were calculated from eqn (2). To be able to neglect contributions from the background, we discuss the change of energy DhE kin i = hE kin (T)i À hE kin (277 K)i as a function of temperature in Fig. 3 . We observe a linear increase at low temperatures up to DhE kin i = (66 AE 20) kJ mol À1 at T = 256 K, which corresponds to a slope of À3.3 AE 0.7 kJ (mol K) À1 . Above 277 K the energy changes only slightly reflecting the weak change of the hydrogen bond network due to the temperature increase. It is important to mention that the observed changes of the electron mean kinetic energy are in line with intramolecular bond length changes, as reported for different covalent bonds. 58 Therefore, we model the Compton profile differences by calculated spectra in the framework of density functional theory from both ab initio molecular dynamics simulations and from water dimers. For a detailed overview of the models, see ref. 41-43. The temperature effect on liquid water that we will employ in the following is obtained using the ab initio molecular dynamics model at non-supercooled temperatures, i.e., at room temperature and above. 43 It is shown as dashed lines in Fig. 2 .
Here, the data of ref. 43 are scaled to the temperature differences of the present experiment. This temperature model fails to describe the data, both due to a different amplitude and a different shape with a maximum around p = 1.2 a.u. The experimental observation of a maximum around p q = 1.4 a.u. and contributions up to p q E 2.5 a.u. typically indicate changes on intramolecular length scales, such as OH bond length or bond angle variations. 41, 42 These contributions are not covered by any other changes of the local and molecular water structure, e.g., variation of density or hydrogen bond geometry. Differences of the OH bond lengths have also been reported as the dominating effect of deuteration, 43 in waterethanol mixtures, 53 during freezing of clathrate hydrates, 52 and in confined water. 45 Upon supercooling, optical spectroscopy suggests stretching of the covalent OH bond lengths in liquid water as a consequence of the strengthening of the hydrogen bond network. Therefore, we compare the Compton profile differences with a 1% OH bond stretch as a solid line in Fig. 2 . A linear change of the intramolecular OH bond length r OH was found to change the Compton profile differences linearly. 37, 42, 52 This calculated difference fails to model neither the experimental data fully nor the remaining effect after consideration of the temperature effect on the H-bonds. Intra-or intermolecular structural changes which would be expressed in a similar Compton profile difference have been unreported in the literature so far, suggesting the need of improved water models, e.g., taking quantum effects into account.
Conclusions
Under supercooled conditions a strengthening of the hydrogen bond network of liquid water is expected. This is typically expressed by shortening of the hydrogen bond length between neighboring water molecules that is consequently accompanied by a stretching and a narrowing of the distribution of the effective intramolecular OH bond length, as discussed e.g. from the neutron scattering and infrared spectroscopy results. 17, 19, 20 In contrast, our data indicate more complex structural effects upon supercooling. First, we found an increase of tetrahedral order during cooling by XRS. These observations are similar to the results obtained from non-supercooled water which are in line with a reduced number of broken hydrogen bonds, suggested both by continuous and mixture water models. Second, Compton profile differences suggest intramolecular structural changes upon supercooling accompanied by a significant change of the electron mean kinetic energy, uniquely probed by Compton scattering. In contrast to Compton scattering such changes have only a small impact on the XRS spectra, as XRS is sensitive to the unoccupied states (i.e. intermolecular bonding) and not to the intramolecular bonding (i.e. the occupied states). Thus, the XRS spectra cannot be modeled for the oxygen K edges with respect to intramolecular structural changes with the needed accuracy. 37 It is important to mention that we find no indication for the appearance of interstitial molecules under supercooled conditions, 14 which would result in an opposite effect on the XRS spectra 56 and show significant additional contributions to the Compton differences at small p q . 42 While the XRS data are in line with the increase of tetrahedral order upon supercooling, the suggestion of intramolecular structural changes appears to be contradictive to the common understanding of the structure of supercooled water. Such an observation might be a fingerprint of quantum effects that emanate as effective bond length changes in the Compton profiles. Bond length changes have been indeed suggested by simulations, 24 and have been interpreted as a result from quantum effects. [59] [60] [61] In particular, the OH bond length was found to change when quantum effects are taken into account 24 and a significant fraction of molecules exhibits transient autoprotolysis events. 25 Quantum effects were, in addition, suggested as an explanation for the results of neutron Compton experiments on supercooled water, 20, 21 however, the statistical accuracy of such neutron experiments is not comparable to that of X-ray Compton data. This lack of statistical accuracy makes the extraction of qualitative bond parameters and thus a detailed access to quantum effects impossible in those experiments. In conclusion, our results demonstrate that already upon slight supercooling, one needs much more elaborate water models and simulations. They are specifically needed to properly capture the detailed intramolecular structural changes as well as the quantum effects under supercooled conditions. These features are uniquely probed by inelastic X-ray scattering techniques and may hold the key for a better understanding of the complex liquid.
